Stark widths and shifts of Cr II lines with wavelengths in the range 2000-3500 Å have been determined by laser-induced breakdown spectroscopy. The spectra have been measured at different instants of the plasma evolution from 0.6 to 3.4 µs, at which the temperature and electron density are in the ranges 12 000-16 300 K and (0.89-8.2) × 10 17 cm −3 , respectively. The laser-induced plasmas have been generated from three fused glass samples with different chromium concentrations, selected to control the self-absorption of the lines. The Stark widths and shifts are compared with the experimental and theoretical data available in the literature.
I N T RO D U C T I O N
The knowledge of Stark broadening and shift parameters is of interest for atomic structure studies, as well as for diagnostics of laboratory and astrophysical plasmas. In the particular case of chromium, a large number of lines of the ionized atom are identified in the spectra of chemically peculiar stars. For example, Cr II lines can be found in the spectra of A-type stars as 7 Sex (Adelman & Philip 1996) and ϕ Aqu (Caliskan & Adelman 1997) , where Stark broadening is the most significant pressure broadening mechanism.
Despite their relevance, experimental and theoretical data for Cr II Stark widths and shifts are scarce. Rathore et al. (1984) performed the only experimental determination of the Stark widths and shifts for Cr II spectral lines using a T-tube plasma, including the parameters of three lines from the multiplet 4s 4 D-4p 4 F o . Lakićević (1983) estimated the Stark width and shift of the Cr II line at 2065.65 Å on the basis of regularities and systematic trends. Dimitrijević et al. (2007) calculated Stark widths and shifts within the semiclassical perturbation approach for the lines of seven Cr II multiplets from the 4s-4p transitions and Simić, Dimitrijević & Sahal-Bréchot (2013) have recently reported calculations of these parameters for nine Cr II resonant 3d 5 -3d 4 4p multiplets using the same approach. The data obtained by Dimitrijević et al. (2007) could be compared with the experimental results of Rathore et al. (1984) and an acceptable agreement is reported by the authors, although is noted the accuracy of 50 per cent attributed by Konjević & Wiese (1990) to these experimental results. The latter theoretical works have applied the Stark parameters to the analysis of Cr II line profiles in astrophysical plasmas and the authors concluded its importance for stellar atmosphere modelling and the need of new Stark parameters for E-mail: j.a.aguilera@unavarra.es (JAA); carlos.aragon@unavarra.es (CA) the Cr II lines. Other astrophysical applications of the Stark parameters of the Cr II lines are reported in the review by Sahal-Bréchot (2010) , referring to the need of new data due to the development of space-borne spectroscopy.
In previous works, our group has used laser-induced breakdown spectroscopy (LIBS) for the measurement of Stark widths, as examples see and . In the latter work, the use of fused glass samples is shown to be advantageous for Stark width measurements by LIBS. In this work, we make use of this method to provide new values of Stark widths and shifts for Cr II lines, reporting data for wavelengths in the range 2000-3500 Å.
E X P E R I M E N T
The experimental setup is similar to that used previously ), so only a brief description with the emphasis in new features is given here. The laser-induced plasmas are generated using a Nd:YAG laser (wavelength 1064 nm, pulse energy 60 mJ, pulse width 4.5 ns, repetition rate 20 Hz) focused on to the sample surface in air at atmospheric pressure. The focusing lens has 128 mm focal length and the lens-to-sample distance is 124 mm. The light emitted from the plasma is collected in a direction forming a small angle with the laser beam by a system of flat and concave mirrors forming a 1:1 image of the plasma on the entrance slit of a 0.75 m Czerny-Turner spectrometer equipped with a time-resolved intensified CCD (1200 × 256 effective pixels). The grating (3600 and 1200 lines mm −1 ) and the slit width (20 and 50 µm) are selected according to the spectral resolution needed.
Three fused glass samples have been prepared from pure chromium oxide with chromium atomic concentrations of 0.05, 0.1 and 0.2 per cent. During the measurements, the emission of 100 laser shots is accumulated while the sample rotates at 100 rev min −1 .
R E S U LT S A N D D I S C U S S I O N
The spectra of the plasma emission have been obtained with six time windows having different delays from the laser pulse, centred at instants of the plasma lifetime ranging from 0.6 to 3.4 µs. The width of the time windows increases with the delay from 0.06 to 0.6 µs. The characterization of the plasma generated from the fused glass samples has been carried out as in the previous work . The temperature has been determined by means of a Boltzmann plot constructed from seven Fe II lines, using samples prepared with a small iron content of 0.8 per cent, the percentage being expressed in atom number densities. The temperature decreases from 16 300 ± 200 K at 0.6 µs to 12 000 ± 150 K at 3.4 µs, where the error has been estimated as the standard deviation of the slope of the linear fitting of the Boltzmann plot. The determination of the electron density is based on the Stark broadening of the Hα line, whose emission arises from the small water content of air surrounding the sample. In spite of the known inhomogeneity of laser-induced plasmas, it was shown in a previous work (Aragón & Aguilera 2010 ) that, in spatially integrated measurements, the electron density values obtained from lines of singly ionized atoms and from the Hα line agree within 3 per cent. The Hα spectra were obtained using the grating of 1200 lines mm −1 and a spectrometer slit of 50 µm. This configuration leads to an instrumental width of 55 pm, much lower than the Lorentzian width of the Hα line. The latter has been determined by fitting the spectra to Voigt profiles with a Gaussian width given by the combination of the instrumental width and the Doppler width. To obtain the electron density from the line width of the Hα line, the diagnosis tables of Gigosos & Cardeñoso (1996) have been used. The electron density decreases from 8.2 × 10 17 cm −3 at 0.6 µs to 0.89 × 10 17 cm −3 at 3.4 µs. The error of these measurements is estimated to be 11 per cent, caused by the propagation of the error of the Stark width of Hα reported in the diagnosis tables, whereas the statistical error is negligible in comparison.
As shown in the previous work , the selfabsorption of the spectral lines in laser-induced plasmas generated from fused glass samples has a limited effect due to the low concentration in the sample that leads to a suitable signal-to-background ratio. The Cr concentration in the sample has been selected for the Cr II lines with the help of the k t coefficient, defined as (Aragón, Peñalba & Aguilera 2005) 
where e is the elementary charge, λ 0 is the central wavelength of the emission line, ε 0 is the permittivity of free space, m is the electron mass, c is the speed of light in vacuum, f is the transition oscillator strength, g i is the degeneracy of the lower energy level, E i and E k are the energies of the lower and upper energy levels, respectively, k is the Boltzmann's constant, T is the temperature and U(T) is the partition function. To calculate the k t coefficient, the level energies, degeneracies and oscillator strengths of the Cr II lines are taken from Nilsson et al. (2006) , Kramida et al. (2013) and Kurucz & Bell (1995 atomic per cent has been used, as done in Aragón et al. (2013) for Ni II lines with k t values of the same order of magnitude. For lines of moderate intensity, with k t values in the range (4.40-7.74) × 10 −30 m 3 , the sample with a Cr content of 0.1 atomic per cent is used. The rest of the lines are weaker, having lower k t values; these lines are measured using the sample with a 0.2 per cent concentration. It is worth noting that for the lines of the multiplet a 6 D-z 6 F o , having very different k t values, the final measured values of the Stark width were the same within the experimental error, a fact that supports the small effect of self-absorption in the measurements.
To measure the Stark widths and shifts of the Cr II lines, the spectra have been obtained with the grating of 3600 lines mm
and a slit width of 20 µm, so that the instrumental width is reduced to 13.5 pm. The spectra of two Cr II lines obtained at the different time windows are shown in Fig. 1 . In these plots, the intensity is normalized to the width of the time window used in each case. The decrease of the line width for increasing delay from the laser pulse, due to the temporal decay of the electron density, can be observed for both lines. However, we see in Fig. 1(a) that the line at 2055.596 Å shows clearly a redshift that decreases for increasing delay, whereas for the line at 3132.053 Å, as shown in Fig. 1(b) , the shift is hardly noticeable. To determine the line widths and shifts, the spectra have been fitted to Voigt profiles using a home-made least-squares computer program. The Gaussian width is given by the combination of the instrumental width and the Doppler width, the latter estimated as 3 pm for a typical temperature of 14 000 K. One of such fittings, for the line at 2055.596 Å at the time window centred at 0.74 µs, is shown in Fig. 2 , where the dashed line indicates the wavelength taken as reference for shift measurements. This wavelength is obtained from the spectrum at 10 µs delay, when the Stark shift is negligible. The Lorentzian width obtained for this line at the different time windows is in the range 3.1-30 pm, while the shift varies from 0.55 to 12 pm. It should be noted that the error of the Stark shift values is small due to the fact that the fitting is carried out for a large number of points, as shown in Fig. 2 , so that the central wavelength of the Voigt profile is provided accurately. Therefore, small shifts have been reported, although, because of the resolution of the measurement of the central wavelength, an absolute error higher than 0.1 pm has been considered.
The line widths measured for two Cr II lines are shown in Fig. 3 (a) as a function of the electron density, while Fig. 3(b) shows the line shifts. As can be seen in both plots, we have found proportionality between the determined line widths and shifts and the corresponding electron density at each instant. Taking into account the experimental error, the weak dependence of Stark width and shift on temperature has not been observed. Therefore, the final results are obtained as the slopes of the linear fittings of these plots with zero intercept, this value corresponds to the Stark width (FWHM) and shift at an electron density of 10 17 cm −3 . The results obtained for the Stark widths and shifts range from 3.4 to 12 pm and −0.4 to 1.6 pm, respectively, and are presented in Table 1 arranged by transition and multiplet, together with previous results from the literature. Table 2 , available online as Supporting Information, presents our results sorted by air wavelength and compared to previous results. The Stark widths are determined as full width at half-maximum (FWHM) values. The experimental relative error of Stark widths has been estimated as 15 per cent by adding quadratically the error of the electron density (11 per cent), the error caused by self-absorption (10 per cent) and the uncertainty due to plasma inhomogeneity (3 per cent). In the case of the Stark shifts, as mentioned before, the minimum absolute error due to resolution is 0.1 pm. However, for shifts clearly exceeding this value, a relative error of 11 per cent is estimated from the electron density uncertainty and the plasma inhomogeneity, assuming that self-absorption does not involve a shift of lines.
For the three lines with previous experimental values (Rathore et al. 1984) , measured using a T-tube neon plasma, the widths are higher than ours by a factor of 3 whereas the shifts are much larger. Theoretical calculations based on the semiclassical perturbation approach reported by Dimitrijević et al. (2007) show the same behaviour in relation to our results, the widths being higher than our data by 2-3 factors. On the other hand, the calculated widths reported by Simić et al. (2013) for resonant 3d 5 -3d 4 4p multiplets are in good agreement with our experimental data, while the shifts calculated in this reference for the a 6 S-z 6 P o multiplet have opposite sign and smaller values than ours.
C O N C L U S I O N S
We report measurements of Stark widths and shifts of Cr II lines with wavelengths in the range 2000-3500 Å carried out by LIBS. The use of fused glass samples and the method employed to control the self-absorption of the lines, based on the selection of the chromium concentration in the sample, has allowed us to provide data for 45 multiplets, including 83 widths and 49 shifts, all of them first measured with the exception of three lines.
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